Bovine herpesvirus 1 (BHV-1) is a significant bovine pathogen because infection leads to conjunctivitis, pneumonia, genital disorders, abortions, and "shipping fever," an upper respiratory infection (50) . Infection of bovine cells (10) or calves (53) leads to rapid cell death and an increase in apoptosis. As with other Alphaherpesvirinae subfamily members, viral gene expression is temporally regulated in three distinct phases: immediate-early (IE), early, or late (29) .
The BHV-1 ICP0 protein (bICP0) is encoded by IE transcription unit 1 (54) and activates expression of all three classes of viral promoters (14) . During productive infection, bICP0 protein expression is constitutive because the gene has an IE promoter and an early promoter (Fig. 1A) , and both promoters are activated by bICP0 (21) . The ICP0 homologues encoded by BHV-1 and herpes simplex virus type 1 (HSV-1) contain a well-conserved C 3 HC 4 zinc RING finger near their respective N termini. Mutational analysis has demonstrated the importance of the C 3 HC 4 zinc RING finger domains of bICP0 and ICP0 (12, 13, 15, 28) . ICP0 (16-18, 35, 36) and bICP0 (28, 41) colocalize with and disrupt the proto-oncogene promyelocytic leukemia protein-containing nuclear domains. bICP0 associates with chromatin-remodeling enzymes, histone deacetylase 1 (57) plus p300 (57) , and stimulates plaque formation when BHV-1 DNA is transfected into bovine cells (22, 28) . A panel of bICP0 transposon insertion mutations that span the entire protein-coding domain was generated (58) (Fig. 1A) . These bICP0 mutant proteins are expressed at similar levels in transfected cells (58) . Sequences located between the zinc RING finger and the acidic domain are necessary for efficient transactivation of a simple viral promoter (58) . Although mutations within the acidic domain do not apparently play an important role in transactivation, the nuclear localization signal (NLS) at the C terminus is necessary for wild-type (wt) levels of transactivation. Collectively, these studies suggest that bICP0 contains multiple functional domains that activate productive infection in differentiated cell types and reactivation from latency.
Infection of cultured human cells with HSV-1 leads to production and secretion of interferon (IFN). The ICP0, ICP34.5, and Us11 genes are the known viral genes that inhibit IFN activation after infection (33, (38) (39) (40) 43) . The HSV-1 glycoprotein gD induces IFN-␣ production in mononuclear cells (30) , in part, because HSV-1 activates interferon response factor 3 (IRF3) in certain cell types (44) . Mice lacking type I and type II interferon receptors in combination with having RAG-2 gene deletions die within a few days following BHV-1 infection (2) . In contrast, BHV-1 infection of wt mice does not lead to clinical symptoms or extensive viral replication, highlighting the importance that IFN plays in controlling BHV-1 replication and pathogenesis. To date, the bICP0 gene is the only BHV-1 gene known to inhibit interferon signaling (25) .
In this study, we identified bICP0 sequences that are necessary for inhibiting transactivation of the human IFN-␤ promoter by IRF3 or IRF7. The mechanisms by which bICP0 inhibits IRF3 versus IRF7 transactivation of the IFN-␤ promoter are different because bICP0 reduces steady-state IRF3 protein levels but not IRF7 protein levels. The zinc RING finger and sequences near the C terminus are necessary for inhibiting IFN-␤ promoter activity and reducing IRF3 protein levels. In contrast, an expression plasmid containing HSV-1 ICP0 had little effect on IRF3 protein levels in transfected cells. Following infection of bovine cells, the levels of IRF3 protein, but not IRF7, are reduced. These studies suggest that the ability of bICP0 to repress IRF3 protein levels promotes productive infection by suppressing IFN signaling.
MATERIALS AND METHODS
Cell culture and viruses. Human epithelial 293 cells and Madin-Darby bovine kidney (MDBK) cells were grown in monolayer cultures in Earle's modified Eagle's medium supplemented with 5% fetal bovine serum, penicillin (10 U/ml), and streptomycin (100 g/ml) in a humidified 5% CO 2 atmosphere at 37°C. Bovine testicle cells (9.1.3 cells) were grown in the same medium with 10% fetal bovine serum.
The BHV-1 wt Cooper virus strain was propagated and titrated in MDBK cells. For viral infections, cells were plated onto 100-mm 2 culture dishes 24 h prior to virus infection to obtain 90% confluence at the time of infection. Cells were infected at a multiplicity of infection (MOI) of 1. After 1 h of adsorption at 37°C, cells were rinsed with phosphate-buffered saline (PBS) and overlaid with Earle's modified Eagle's medium containing 5% or 10% fetal bovine serum.
Expression plasmids. The IFN-␤ chloramphenicol acetyltransferase (CAT) plasmid was obtained from Stavros Lomvardas (Columbia University, NY). This construct contains a minimal human IFN-␤ promoter (positions Ϫ110 to ϩ20) upstream of the bacterial CAT gene. The plasmid pCMV2C-bICP0 expresses Flag-tagged wt bICP0 under the control of the human cytomegalovirus (CMV) promoter. Generation of bICP0 transposon mutants was described previously (58) . The zinc RING finger mutant 13G/51A contains point mutations within two conserved amino acids of the C 3 HC 4 zinc RING finger. bICP0 C-terminus deletion mutants (⌬bICP0 and ⌬NcoI) were generated by deleting the SalI-XhoI fragment (amino acids [aa] 356 to 676) and NcoI-XhoI fragment (aa 607 to 676), respectively, from the Flag-tagged bICP0 construct (58) . A plasmid expressing HSV-1 ICP0 was obtained from Saul Silverstein (Columbia University, NY). ICP0-coding sequences were cloned in frame with the Flag epitope in pCMV2C, and this plasmid is designated Flag-ICP0.
IRF3 and IRF7 expression constructs were obtained from Luwen Zhang (University of Nebraska, Lincoln, NE).
CAT assays. The IFN-␤ CAT reporter plasmid (2 g) was cotransfected with bICP0 (1 g) wild-type or transposon plasmids into 293 cells by using TransIT transfection reagents (Mirus) as described by the manufacturer. Cells were incubated with the transfection mix for 5 h and then replaced with fresh medium. After 40 h, cells were lysed by three freeze-thaw cycles in 250 mM Tris-HCl (pH 8.0). CAT assays was performed with 0.2 Ci (7.4 kBq) [ 14 C]chloramphenicol (Amersham Biosciences, catalog no. CFA754) and 0.5 mM acetyl coenzyme A (Sigma, catalog no. A2181). Chloramphenicol and its acetylated forms were separated by thin-layer chromatography and CAT activity measured with a PhosphorImager (Molecular Dynamics, CA). CAT activity is expressed as fold induction relative to the vector control. Transfection experiments for CAT assays were repeated at least three times to confirm the results.
Western blot analysis. 293 or 9.1.3 cells were cotransfected with plasmids expressing IRF3 or IRF7 and the designated bICP0 plasmids. At 40 h after transfection, cells were washed with phosphate-buffered saline and suspended in FIG. 1. Schematic of bICP0 mutants used to localize the domains necessary for inhibiting IFN-dependent transcription. (A) Construction and identification of the transposon insertion mutants were previously described (50) . The transposon insertion sites were first mapped by restriction endonuclease digestion, and then precise insertion sites were identified by DNA sequencing. The mutants were designated A to O, and the numbers in parentheses denote the amino acid number that was disrupted by transposon insertion. The positions of the zinc RING finger, acidic domain, consensus NLS (KRRR), ATG, and bICP0 stop codon are shown. The transposon mutants that had an effect on activating the thymidine kinase promoter are underlined. (B) Schematic of the 13G/51A and bICP0 deletion mutants. Two amino acid substitutions were inserted into conserved C's of the zinc RING finger of bICP0. The ⌬bICP0 mutant construct was prepared by digestion of the wt construct with SalI and XhoI, which deleted sequences from amino acids 357 to 676. The details of the 13G/51A and ⌬bICP0 mutants were described previously . The ⌬NcoI mutant was previously described (50) . Except for mutants B and L, the remainder of transposon mutants and deletion mutants express similar levels of bICP0 protein (25, 50) . lysis buffer (100 mM Tris [pH 8.0], 1 mM EDTA, 100 mM NaCl, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, and one tablet of complete protease inhibitor [Roche Molecular Biochemicals] per 10 ml). Cell lysate was incubated on ice for 10 min and then at 4°C with rotation for 10 min and then was clarified by centrifugation at 10,000 ϫ g at 4°C for 15 min. Protein concentrations were quantified by the Bradford assay. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis, proteins were mixed with an equal amount of 1ϫ sample loading buffer (62.5 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate, 50 mM dithiothreitol, 0.1% bromophenol blue, 10% glycerol) and boiled for 5 min. Proteins were separated in a 10% bis-cross-linked polyacrylamide gel. After electrophoresis, proteins were transferred onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore). Membranes were blocked in Tris-buffered saline that contained 5% milk. Primary antibodies to IRF3 (C-20 and SC-15991; 1:500 dilution) or IRF7 (Y-19 and SC-15993; 1:500 dilution) were purchased from Santa Cruz Biotechnology. Membranes were then incubated overnight with the indicated primary antibody in 5% milk-containing 0.1% Tween 20-Tris-buffered saline. After washing with 0.1% Tween 20-Tris-buffered saline, membranes were incubated with donkey anti-goat immunoglobulin G (IgG)-horseradish peroxidase (SC-2020; Santa Cruz Biotechnology) secondary antibody. Immunodetection was performed with enhanced chemiluminescence Western blotting detection reagents (Perkin-Elmer, MA) in accordance with the manufacturer's protocol.
Immunofluorescence. For transfection studies, 9.1.3 cells were plated in fourwell Lab-Tek culture slides (Nunc Life Science Products, catalog no. 154526) at 16 h before transfection. The designated plasmids were cotransfected by using Lipofectamine 2000 (Invitrogen, catalog no. 116668-019) according to the manufacturer's protocol. For infection studies, MDBK or 9.1.3 cells were split into four-well Lab-Tek slides, infected with BHV-1 at an MOI of 1, and then processed at different time intervals. At 24 h after transfection or the indicated infection times, cells were fixed in 4% formaldehyde for 10 min, followed by three washes with phosphate-buffered saline. Cells were permeabilized by incubating with 100% ethanol (Ϫ20°C) for 2 min. Slides were then washed three times and blocked in 4% donkey serum (Sigma, catalog no. D9663) in PBS for 1 h. The designated primary antibodies were used at a 1:50 dilution in PBS and incubated for 2 h. After three washes with 0.05% Tween 20 in PBS, slides were incubated with the secondary antibody for 1 h in the dark. Secondary antibodies used were as follows: Cy2-conjugated donkey anti-goat (catalog no. 705-226-147), Cy5-conjugated donkey anti-goat (catalog no. 705-176-147), Cy2-conjugated donkey anti-rabbit (catalog no. 711-225-152), and Cy5-conjugated donkey anti-mouse (catalog no. 715-176-150) (Jackson ImmunoResearch Laboratories Inc.). After slides were washed with 0.05% Tween 20 in PBS, coverslips were mounted on slides using Gelmount aqueous mounting medium (Sigma, catalog no. G0918). To visualize the nucleus, DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining was performed. Images were obtained with a Bio-Rad confocal laserscanning microscope (MRC-1024ES) with excitation/emission at 488/520 nm.
RNA extraction and RT-PCR. Total RNA was extracted from 293 cells cotransfected with IRF3, bICP0, or transposon mutant O by using TRIzol reagent (Invitrogen, catalog no. 15596-018) as described by the manufacturer. Samples were digested with DNase I and subjected to reverse transcription-PCR (RT-PCR). RNA was reverse transcribed using oligo(dT) primers. A mock reaction was carried out with no reverse transcriptase added. Ten percent of the resulting cDNA was used as a template for PCR using specific primers for human IRF3 and ␤-actin. PCR products were analyzed on a 1% agarose gel. The following primer sequences were used: for IRF3, forward primer 5ЈTGGGAGTTCGAG GTGAC3Ј and reverse primer 5ЈGGGCTCAGCTCTCCCCAG3Ј; for ␤-actin, forward primer 5ЈGTGGGG CGCCCCAGGCACCA3Ј and reverse primer 5ЈC TCCTTAATGTCACGCACGATTTC3Ј.
RESULTS

Identification of bICP0 domains necessary for inhibiting IFN-␤ promoter activity.
A previous study demonstrated that bICP0 repressed IFN-␤ promoter activity and interferon-stimulated response element-dependent transcription (25) . Furthermore, the zinc RING finger is necessary for inhibiting IFN-dependent transcription in bovine cells (25) . To test whether other functional domains within bICP0 are necessary for inhibiting IFN-␤ promoter activity, a series of bICP0 transposon mutants (58) were used (Fig. 1A) . These mutants were previously used to identify functional domains within bICP0 that are necessary for activating a minimal HSV-1 thymidine kinase promoter (58) . The transposon mutants used for this study express similar levels of bICP0 protein in transfected cells (58) . wt bICP0 or each transposon mutant (mutants A to O) was cotransfected with either the IRF3 or IRF7 expression plasmid and the human IFN-␤ CAT construct in human 293 cells. After 40 h of transfection, cell lysate was collected and CAT assays performed. As expected, IFN-␤ promoter activity induced by IRF3 or IRF7 was suppressed four-to fivefold in the presence of wt bICP0 ( Fig. 2A and B) . In general, the N-terminus mutants (mutants A, B, D, E, F, G, and H) suppressed IFN-␤ promoter activation with similar efficiency relative to wt bICP0. Transposon mutants N and O were unable to suppress IFN-␤ promoter activity induced by IRF7 as efficiently as wt bICP0 or mutant H (Fig. 2A) . Transposon mutants I, N, and O also did not inhibit IRF3 induction of the IFN-␤ promoter (Fig. 2B) . Mutant I, however, was not as efficient as mutant N or O. With respect to mutant N, there was more variability in the degree of repression compared to mutant O. The deletion mutant ⌬NcoI (which lacks aa 607 to 676 at the C terminus and the nuclear localization signal of bICP0 [ Fig. 1A] ) (58) slightly increased IFN-␤ promoter activity (Fig.  2B) . In addition to the zinc RING finger, these results suggested that disruption of bICP0 sequences at site N or O and deletion of the C terminus (mutant ⌬NcoI) eliminated the ability of bICP0 to suppress IFN-␤ promoter activity. bICP0 reduces IRF3 protein levels. The ability of bICP0 to inhibit IRF3-or IRF7-induced IFN-␤ promoter activation sug- gested that bICP0 altered expression or activity of these transcription factors. To begin to understand the molecular basis of how bICP0 inhibits IFN-␤ promoter activity, we examined IRF3 or IRF7 protein levels in transfected cells. When 293 cells ( Fig. 3 and 4A ) or bovine cells (9.1.3) (Fig. 4B) were cotransfected with plasmids expressing IRF3 and bICP0, IRF3 protein levels were consistently reduced. In contrast, bICP0 did not have a dramatic effect on IRF7 protein levels in the cell lines examined (Fig. 3A and 4B ). RT-PCR was performed to test whether bICP0 reduced IRF3 mRNA levels. IRF3 mRNA levels were not reduced dramatically by bICP0 (Fig. 3B) , suggesting that bICP0 reduced IRF3 protein levels, not RNA levels.
The zinc RING finger and C-terminal domains of bICP0 are important for reducing IRF3 protein levels. Since the zinc RING finger, mutant O, and the ⌬NcoI deletion construct consistently suppressed IRF3-induced IFN-␤ promoter activity (Fig. 2) , we tested whether these mutants reduced IRF3 protein levels. For these studies, IRF3 was cotransfected with the zinc RING finger mutant (13G/51A) or the C-terminal transposon mutant O into 293 or 9.1.3 cells. The 13G/51A mutant or mutant O did not reduce IRF3 protein levels to the extent that wt bICP0 did in 293 cells (Fig. 4A) or 9.1.3 cells (Fig. 4B) . To test whether a functional proteasome was necessary for bICP0-induced IRF3 degradation, cultures were treated with lactacystin, a cell-permeative and irreversible inhibitor of the proteasome (19) . Treatment with lactacystin inhibited the ability of bICP0 to reduce IRF3 protein levels (Fig. 4C) .
Immunofluorescent staining of IRF3 and bICP0 was performed to confirm the reduction of IRF3 protein levels in transfected cells (Fig. 5) . bICP0 localizes to promyelocytic leukemia protein-containing nuclear domains (28) , and IRF3 shuttles between the cytoplasm and nucleus. In general, the IRF3 protein is detected primarily in the cytoplasm of uninfected cells (55) or cells transfected with an empty vector (Fig.  5, vector panel) . As expected, punctate staining of bICP0 was detected in the nucleus. High levels of IRF3 were detected in cells cotransfected with IRF3 and pcDNA3.1 (empty vector). Cells expressing both Flag-tagged bICP0 (red, anti-Flag antibody) and IRF3 plasmid contained low levels of IRF3 (green, anti-IRF3 antibody) (Fig. 5, panel bICP0) . 9. were transfected with a plasmid expressing IRF3 (2.5 g) or IRF7 (2.5 g) and Flag-tagged bICP0 (2.5 g) expression vector as described for Fig. 2 . Whole-cell lysate was collected at 40 h after transfection and IRF3 or IRF7 protein levels measured by Western blot analysis using 100 g of total cell lysate. (B) 293 cells were transiently transfected with IRF3 alone, IRF3 and bICP0, or IRF3 and mutant O. Total RNA was isolated 40 h after transfection. For RT-PCR, 1 g of total RNA was used, and 10% of the resulting cDNA was used as the template for PCR. Primers specific for IRF3 and ␤-actin (control) were used. The ␤-actin and IRF3 bands were quantified using BioRad Molecular Images. The ratio between IRF3 and ␤-actin was calculated for each lane. To confirm that a functional proteasome was necessary for bICP0-induced IRF3 degradation, cultures were treated with lactacystin. Lactacystin treatment yielded numerous bICP0-positive cells with high levels of IRF3 (Fig. 5, bICP0 ϩ lactacystin panel). As expected, when cells were cotransfected with the empty expression vector plus IRF3 and then treated with lactacystin (vector ϩ lactacystin panel), many IRF3-expressing cells were detected. In conclusion, the studies shown in Fig. 3 to 5 demonstrated that wt bICP0 reduced IRF3 protein levels and that a functional proteasome was necessary for bICP0-induced IRF3 degradation.
The HSV-1-encoded ICP0 does not reduce IRF3 protein levels in transiently transfected cells. Although bICP0 and ICP0 activate productive infection and repress IFN-dependent transcription, only the C 3 HC 4 zinc RING finger domains of bICP0 and ICP0 are well conserved (28, 34) . To test whether ICP0, in the absence of other viral genes, reduced IRF3 protein levels, 9.1.3 cells were transfected with a plasmid expressing Flag-tagged ICP0 and the IRF3 expression plasmid. Confocal microscopy revealed that all ICP0-positive cells contained IRF3 (Fig. 6, ICP0ϩIRF3 panels) , which was in stark contrast to the results obtained with bICP0. Although most ICP0-positive cells contained IRF3 distributed throughout the cell, there were ICP0-positive cells that had IRF3 localized to the nucleus (Fig. 6, middle panel) . As expected, ICP0 was localized primarily in the nucleus and yielded punctate staining. In cells transfected with an empty expression vector, IRF3 was consistently localized in the cytoplasm (Fig. 6 , Vector ϩ IRF3 panel). Consistent with the confocal microscopy results, Western blot analysis demonstrated that ICP0 did not have a dramatic effect on IRF3 protein levels (Fig. 6, lower  right panel) .
Analysis of IRF3 and IRF7 following infection. In general, virus infection stimulates transcription of IFN genes and transactivation of these genes requires IRF3 activation (30) . Phosphorylation of IRF3 is necessary for translocation to the nucleus, where it is transcriptionally active (55) . To assess the effect of BHV-1 infection on activation and nuclear translocation of IRF3 or IRF7, two bovine cell types (9.1.3 and MDBK) were infected with wt BHV-1 at an MOI of 1 for 4, 16, or 24 h. Using an MOI of 1, we detected viral proteins in more than 75% of the infected cells at 16 h after infection by confocal microscopy. After infection, IRF3 or IRF7 localization was examined by confocal immunofluorescence (Fig. 7) . Mockinfected cultures were used as controls because IRF3 was localized to the cytoplasm. At 4 h after infection, IRF3 was located primarily in the nuclei of 9.1.3 cells, indicating that infection activated IRF3 (Fig. 7) . At 16 or 24 h after infection, IRF3 protein levels appeared to be reduced relative to those at 5 g) . At 40 h after transfection, cell lysate was collected as described in Materials and Methods. (C) 9.1.3 cells were transfected with the designated plasmids (2.5 g DNA). At 24 h after transfection, the designated cultures were treated with lactacystin (15 M; Calbiochem catalog no. 426100) or dimethyl sulfoxide, which was used to suspend lactacystin. IRF3 protein levels were detected by Western blot analysis. For each lane, 100 g protein was used. The level of DNA in each lane was the same because an empty expression vector (pcDNA3.1Ϫ) was added to the transfection mixture to make the total DNA equal to 5 g.
VOL. 81, 2007 BHV-1 ICP0 INDUCES IRF3 DEGRADATION 3081
4 h after infection. IRF7, like IRF3, was detected in the nucleus at 4 h after infection (Fig. 7) . In contrast to the results obtained with IRF3, IRF7 was readily detected in the nucleus at 16 or 24 h after infection. Similar results were obtained with MDBK cells, and Western blot studies confirmed that IRF3 protein levels were reduced at late times after infection (unpublished data). In summary, these studies suggested that BHV-1 infection triggered IRF3 and IRF7 activation at early times after infection, but IRF3 was not detected in the nucleus at late times after infection.
DISCUSSION
A previous study demonstrated that bICP0 inhibited IFNdependent transcription in the absence of other viral genes (25) . In this study, evidence was provided that bICP0 induced proteasome-dependent degradation of IRF3 but not IRF7. The zinc RING finger and sequences near the C terminus (transposon mutant N and O or the ⌬NcoI deletion construct) were necessary for inhibiting IRF7-or IRF3-induced IFN-␤ promoter activity and IRF3 degradation. Since IFN production and IFN signaling pathways restrict the host range of BHV-1 (2), identifying viral genes that inhibit IFN signaling and their mechanism of action is important. Although these studies indicated that bICP0 inhibited IRF3 proteins levels and IFN-␤ promoter activity, it is likely that other viral genes activate and then inhibit IFN activity during productive infection, because HSV-1 encodes several proteins that inhibit the IFN response to infection.
Following virus infection, two cellular protein kinases, IKK-ε and TBK-1, phosphorylate serine residues at the C terminus of IRF3, which induces IRF3 homodimerization and nuclear translocation (20, 47) . Nuclear IRF3 associates with other transcriptional activators, resulting in direct binding and stimulation of IFN-␤ promoter activity (52) . IRF3 also directly binds several consensus DNA binding sites, including the interferon- stimulated response element, and can consequently stimulate transcription of IFN-stimulated genes in the absence of IFN (24, 38) . HSV-1-encoded ICP0 is an essential component of the IFN resistance to infection and is sufficient to inhibit induction of IFN-stimulated genes (38) (39) (40) . Inhibition of IRF3-and IRF7-mediated activation of IFN-responsive genes requires an intact ICP0 RING finger domain (33) . IRF3 and IRF7 protein levels do not change dramatically following infection of human embryonic lung cells for 10 h with specific ICP0 mutants or ICP0-expressing virus strains (33) . To further examine the effects of HSV-1 on IRF3 activation, human endometrial adenocarcinoma cells (HEC-1-B) were infected with Sendai virus to induce IRF3 nuclear accumulation and IFN production (37) . Under these experimental conditions, HSV-1-encoded ICP0 inhibits IRF3 nuclear accumulation and IFN-␤ production in HEC-1-B cells. Relative to Sendai virusinfected cells, IRF3 degradation was enhanced in HEC-1-B cells following infection with Sendai virus and then with HSV-1 (37) . The ability of HSV-1 to induce IRF3 is cell type dependent (44) , suggesting that in certain cell types HSV-1 productive infection can reduce IRF3 protein levels in an ICP0-dependent fashion. The finding that the bICP0 zinc RING finger domain and sequences near the C terminus, including the NLS, are important for inhibiting IFN-dependent transcription (25) is consistent with published findings for HSV-1-encoded ICP0.
In the absence of other viral genes, bICP0 (directly or indirectly) reduced IRF3 protein levels in human or bovine cells. In contrast to bICP0, HSV-1-encoded ICP0 was unable to reduce IRF3 protein levels in transiently transfected 9.1.3 cells as judged by confocal microscopy or Western blot analysis (Fig.  6) . The RING finger of HSV-1-encoded ICP0 is an E3 ubiquitin ligase (7, 8, 51) . The bICP0 RING finger has also been reported to possess E3 ubiquitin ligase (11) , suggesting that the bICP0 RING finger is involved with IRF3 degradation. The finding that a functional proteasome was necessary for bICP0-induced IRF3 degradation supported the contention that the bICP0 RING finger mediated IRF3 degradation by directly or indirectly inducing proteasome-dependent IRF3 degradation. At this time, it is not clear how the C terminus of bICP0 inhibited IRF3-dependent transcription and degradation. Although one could argue that mutations within the C terminus of bICP0 altered the zinc RING finger conformation, previous studies indicated that mutant O activated a simple HSV-1 thymidine kinase promoter with an efficiency similar to that of wt bICP0 (58) . Since the zinc RING finger is necessary for activating transcription, the transposon insertion at O does not appear to disrupt the zinc RING finger. As discussed above, IRF3 is a central component of innate immune responses following virus infection. Thus, it is not surprising that several viruses, i.e., hepatitis C virus (32), classical swine fever virus (45) , bovine (6) virus (3), Ebola virus (5), influenza virus (49), human cytomegalovirus (1), human rhinovirus (42) , rabies virus (9), and rotavirus (23) , encode proteins that inhibit IRF3. A variety of mechanisms are utilized to disrupt IRF3 functions, and these include inhibiting IRF3 phosphorylation, inhibiting translocation to the nucleus, preventing DNA binding, degrading factors necessary for activating IRF3, inhibiting IRF3 transcription, blocking IRF3 dimerization, or binding and sequestering IRF3. The NPro protein encoded by bovine diarrhea virus also induces the proteolytic degradation of IRF3 (26) . Furthermore, the nonstructural protein 1 encoded by rotavirus binds IRF3 (23) and then degrades IRF3 (4). Although bICP0 reduced steady-state levels of the IRF3 protein, we have been unable to coimmunoprecipitate IRF3 and bICP0, suggesting that these two proteins do not stably interact.
IRF3 activation is considered to be an immediate-early phase of the IFN response, whereas IRF7 is a component of the early response (46, 55, 56) . Recent studies have suggested that IRF7 is more important with respect to inhibiting viral infection when IRF3 versus IRF7 knockout mice are compared (27) . Although it seems clear that IRF7 was activated and translocated to the nuclei of bovine cells during the early stages of BHV-1 infection, IRF7 protein levels were not dramatically reduced relative to IRF3 protein levels. This highlights two important points: the effect on IRF3 was specific, and bICP0 apparently inhibited IRF7 activity following translocation to the nucleus. For example, bICP0 may (directly or indirectly) inhibit IRF7 from binding DNA or associating with cellular factors necessary for transcriptional activation. It is also possible that when IRF3 protein levels are very low, IRF7 does not efficiently activate IFN-␤ promoter activity. Studies designed to understand the mechanism by which bICP0 interferes with the ability of IRF7 to activate transcription and how BHV-1 infection induces nuclear translocation of IRF3 and IRF7 will help us to understand the mechanism by which bICP0 regulates the IFN response following infection.
